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ABSTRACT
MECHANISM OF MECHANICAL VIBRATION IN ENHANCING ORTHODONTIC
RETENTION- ANALYSIS OF GLOBAL GENE EXPRESSION

Shuwei Wang, D.M.D.

Marquette University, 2022

Introduction: Low-magnitude, high-frequency (LMHF) mechanical vibration has been
proposed as a possible adjunctive retention method after orthodontic treatment. In this
study, we explored the mechanism of using LMHF vibration to improve bone formation
during retention phase. We aimed to provide insight of global gene expression and
cellular activities of PDL cells under tension, as well as identify novel biomarkers for
induced osteogenesis by using LMHF mechanical vibration as adjunct tool in retention
phase.
Materials and Methods: Human PDL cells (hPDLCs) were seeded in 6-well
FLEXCELL culture plates. The wells were assigned to four experimental groups as
control, stretching (ST), vibration (V), and stretching + vibration (SV). In groups required
stretching, 24 hours after seeding the cells were mechanically stretched (15%) for 1 hour
to mimic hPDLCs under orthodontic tension. Immediately after one hour of stretching
(15%), vibration (0.3g, 120Hz) or stretching+vibration, the cells were lysed for RNA
collections using the RNeasy Mini kit (Qiagen). RNA sequencing was performed
(NextSeq500) to observe the global gene expressions of the hPDLCs. Statistical and
bioinformatic analysis were performed with R studio. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genome (KEGG) pathway enrichment analysis were
performed for differential expression analysis of the genes. P-values < 0.05 were
considered as significantly enriched.
Results: Novel biomarkers for bone remodeling including BICC1, MARCKS, and ANO6
were significantly upregulated in ST group. GO and KEGG analysis of the differentially
expressed genes indicated significant upregulation of HSF-1 mediated heat shock protein
(HSP) response and downregulation of osteoclast differentiation in SV group comparing
to ST group. (P < 0.05) Osteogenesis related genes including SOST were significantly
downregulated in ST group. (P < 0.05)
Conclusion: Novel biomarkers and genes were identified for PDLCs under tension with
or without mechanical vibration. Upregulation of HSP70/HSP40 heat shock protein
response and downregulation of osteoclastogenesis were discovered as the two main
biological mechanisms explaining the anabolic effect of LMHF mechanical vibration on
PDLCs under tension during retention phase.
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CHAPTER I – INTRODUCTION

Following orthodontic treatment, retention is the final phase of orthodontic
treatment in which teeth are maintained in their corrected positions. Orthodontic relapse
can occur during the retention phase when teeth start to move back to their original
positions. It has been suggested that considerable residual force remains in periodontium
after tooth movement and reorganization of the periodontal ligament (PDL) occurs over 3
to 4 months after treatment (Melrose & Millett, 1998; Proffit, Henry W. Fields Jr, &
David M. Sarver., 2006). Indeed, one of the most challenging tasks for orthodontists is to
maintain the corrected teeth positions and provide stable results at retention phase and
long-term.
Based on our previous studies on this topic, in this study, we continued to explore
the mechanism of using low magnitude high frequency (LMHF) vibration to improve
bone formation during retention phase. We aimed to provide insight of global gene
expression and cellular activities of PDL cells under tension, as well as identify novel
biomarkers for induced osteogenesis by using LMHF mechanical vibration as adjunct
tool in retention phase. The null hypothesis is that there are no statistically different gene
profiling/expressions among the experimental groups of stretching, vibration, and
stretching+vibration, compared to static control.
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CHAPTER II – LITERATURE REVIEW

Biology of Orthodontic Tooth Movement (OTM), cell differentiation, and proinflammatory mediators
Biology of orthodontic tooth movement (OTM) is a complex process which
involves coupling of bone formation and bone resorption in response to mechanical
strain. The bony response is primarily mediated by the PDL, which is a network of
parallel collagen fibers bridging alveolar bone to cementum of root surfaces. Along with
cells, neural, vascular components, and tissue fluids in the PDL space, the primary
function of PDL is to support teeth in the alveolar socket, allowing it to stand chewing
forces. During chewing, the teeth and periodontal structures are subjected to intermittent
heavy force. Incompressible tissue fluid prevents tooth displacement in PDL space and
alveolar bone bends instead as response to chewing forces. Prolonged forces trigger a
different type of biological response which involves remodeling of adjacent alveolar
bone. When the pressure against a tooth is maintained, the fluid within PDL space is
rapidly expressed and tooth displaces within PDL space (Li, Yina, Jacox, Little, & Ko,
2018).
Under continuous light force during orthodontic tooth movement, blood flow is
decreased on the compression side of the PDL while increased on the tension side where
PDL is stretched. Oxygen level and chemical environment are changed differentially and
triggers release of chemical messengers and pro-inflammatory factors including PGE2
and various cytokines (Li et al., 2018; Proffit et al., 2006). The chemical mediators
differentially affect cellular differentiation. Bone resorption by osteoclasts occurs at
compression site and bone formation by osteoblasts occurs at tension side (Figure 1). In
the past, RANKL (receptor activator of nuclear factor kappa-B ligand) expression has
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been found to be involved in the process of stimulating osteoclastogenesis on the
compression side. On the tension side, osteoblasts secret OPG (osteoprotegrin) and
inhibit RANKL action. In addition, osteogenic transcription factor Runx2 and bone
matrix proteins (BMP) are significantly upregulated by tension forces (Garlet, 2008;
Yamaguchi, 2009).

Figure 1. Differential Expression of Signaling Factors Associated with Compression
and Tension Side.
This figure summarizes the signaling pathways and chemical messengers involved on
compression side versus tension side of the PDL during OTM. The net outcome is
increased bone resorption on compression side and bone apposition on tension side of
the PDL. Figure adapted from Li et al., 2018
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Gene expression profile and signaling pathways in human periodontal ligament cells
(PDLCs) during OTM
PDL cells (PDLCs) are a group of heterogenous cells within PDL and considered
to be the first cellular recipients of mechanical stimuli. A portion of the PDLCs are
mesenchymal stem cells, which can be further differentiated into osteoblastic and
cementoblastic phenotype and involve in the alveolar bone remodeling process during
orthodontic tooth movement. Study done by Yoo. at el. demonstrated that orthodontic
force can serve as a potent positive modulator of proliferation and osteogenic
differentiation of PDLCs (Yoo et al., 2018).
On the cellular level, Hippo and Wnt/β- catenin signaling pathways are found to

be involved in the mechanotransduction and osteogenic gene expression during OTM

(Jeon, Teixeira, & Tsai, 2021). The Hippo pathway involves protein kinase Hippo as the

key signaling component. Wu. et al. have shown that positive regulators of osteogenesis

involved in the Hippo signaling pathway were upregulated in the microRNA expression
profile of stretched PDLCs. The positive regulators of osteogenesis in Wu’s study include

YAP1, WWTR1, TEAD2, CTGF, DVL2, and GDF5. (Table 1A) Yes-associated proteins

(YAP) play an important role in mechanotransduction process by sending extracellular

mechanical signals and coactivate other transcription factors (Wu, Ou, Liao, Liang, &
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Wang, 2019; Yang, Wang, Chang, Wan, & Han, 2018). In mechanotransduction during
OTM, the Wnt/β- catenin signaling pathways induces bone formation under tension side,

and reduced Wnt signaling is found on compression side (Jeon et al., 2021). (Figure 2)

In addition, other pathways were detected in previous studies including MAPK protein

and GSK-3β/β-catenin signaling pathways. It has been suggested there may be a crosstalk

between multiple pathways involved in the signaling interactions during OTM (Li, Yuan,

Zhan, Bao, Yi, & Li, 2021; Yong, Groeger, Meyle, & Ruf, 2022). (Table 1B)
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Figure 2. Summary of Cytokines and Mechanosensory Cells in OTM.
This figure adapted from Jeon et al., 2021 summarizes findings from previous animal
studies and provides an updated insight on signaling pathways, cytokines, and
mechanosensory cells involved in OTM. PDL cells, osteocytes, and osteoblasts are the
principal mechanosensory cells that produce various cytokines to regulate alveolar bone
remodeling in OTM by converting mechanical orthodontic forces into intracellular
signals. RANKL, sclerostin, Wnt/β- catenin and Hippo (YAP) signaling pathways were
noted as some of the main cytokines and signaling pathways involved in bone remodeling
during OTM.

Table 1. Known Genes Involved in Bone Remodeling During OTM
Table 1A. Summary of Positive Regulators of Osteogenesis Found in Study by Wu et
al., 2019
Gene
symbol
YAP1

Description
Yes1 Associated Transcriptional Regulator

WWTR1 WW Domain Containing Transcription Regulator 1
TEAD2

TEA Domain Transcription Factor 2

CTGF

Connective Tissue Growth Factor

DVL2

Dishevelled Segment Polarity Protein 2

GDF5

Growth Differentiation Factor 5

Table 1B. Summary of 32 Known Genes Involved in Bone Remodeling During OTM
Gene
symbol
DKK1

Description

TGFBeta 1
BMP-3

Transforming Growth Factor Beta 1

BMP-2

Bone Morphogenetic Protein 2

MMP-9

Matrix Metallopeptidase 9

Dickkopf WNT Signaling Pathway Inhibitor 1

Bone Morphogenetic Protein 3
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OPG

Osteoprotegrin

CCL-2

C-C Motif Chemokine Ligand 2

CoL1alpha

Collagen type I alpha 1 Chain

RUNX2

RUNX Family Transcription Factor 2

YAP1

Yes1 Associated Transcriptional Regulator

Wnt3

Wnt Family Member 3

CTNNB1 Catenin Beta 1
NFkB1

Nuclear Factor Kappa B Subunit 1

CSF1

Colony Stimulating Factor 1

Lrp5

LDL Receptor Related Protein 5

JAK2

Janus Kinase 2

TRAP1

TNF Receptor Associated Protein 1

SOST

Sclerostin

CREB1

CAMP Responsive Element Binding Protein 1

EGFR

Epidermal Growth Factor Receptor

GSK3B

Glycogen Synthase Kinase 3 Beta

HIF1alpha
STAT3

Hypoxia Inducible Factor 1 Subunit Alpha

BGLAP

Bone Gamma-Carboxyglutamate Protein

IL1-beta

Interleukin 1 Beta

FGF 5

Fibroblast Growth Factor 5

FOXO1

Forkhead box protein O1

Signal Transducer And Activator Of Transcription 3
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FZD6

Frizzled Class Receptor 6

lef1

Lymphoid Enhancer Binding Factor 1

MAPK1

Mitogen-Activated Protein Kinase 1

SUN2

Sad1 And UNC84 Domain Containing 2

SUN1

Sad1 And UNC84 Domain Containing 1

Biology and methods of orthodontic retention
Retention after orthodontic treatment is one of the most challenging quests for
orthodontists. After active orthodontic treatment, relapse naturally occurs, and teeth can
move back to previous positions (Horowitz & Hixon, 1969). Previous studies showed that
relapse occurred in a high percentage of patients after orthodontic treatment. Little et al.
showed 90% relapse rate of mandibular anterior incisors at 20-year follow up (Little,
Riedel, & Artun, 1988). The total amount of relapse has been reported to range from 30%
to 80% of active tooth movement. Multiple factors can contribute to orthodontic relapse
including periodontal and gingival factors, occlusal and soft tissue pressure, limits of
dentition, and age changes (Littlewood, Kandasamy, & Huang, 2017). Studies have
shown that muscular and soft tissue imbalance can cause catabolic modeling and
remodeling (Yadav et al., 2016).

One of the contributing factors of orthodontic relapse is reorganization of
periodontal and gingival fibers. During active orthodontic movement, a pro-inflammatory
environment was created by widening of PDL spaces and disruption of collagen fibers to
facilitate bone catabolism (Krishnan & Davidovitch, 2006). These changes are necessary
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to allow orthodontic tooth movement to occur. Post orthodontic tooth movement, fixed
orthodontic appliance needs to be removed to allow proper PDL healing since normal
periodontal reorganization will not occur if teeth are strongly splinted together.
Reorganization of PDL starts only when teeth can respond individually to masticatory
force, and alveolar bone bends as each tooth is displaced slightly comparing its neighbor.
The tension in stretched PDL fibers exerts a tendency for teeth to revert to pre-treatment
positions. The process of PDL reorganization occurs over 3 to 4 months period. This is
important for stability due to the equilibrium established by PDL is critical in controlling
tooth position (Millett, 2021; Proffit et al., 2006). While numerous studies have
illustrated biological mechanism during orthodontic tooth movement, details of
periodontal ligament (PDL) cellular activities and gene expression post orthodontic
treatment during retention phase remains a mystery.

A.

C.

B.

D.
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Figure 3. Removable and Fixed Retainers Used in Retention Phase after OTM.
A. Hawley retainer B. Clear vacuum-formed retainer C. Fixed retainer with
rectangular wire (0.0215’’x 0.027’’ stainless steel) bonded to mandibular canines only
D. Thin multi-stranded wire (0.0195’’ stainless steel) bonded to all six mandibular
anterior teeth. (Figures adapted from Fudalej et al., 2021.)

Clinically, different types of retainers and adjunctive procedures have been used
to maintain teeth positions and enhance stability during retention. (Figure 3)
Traditionally, removable retainers or fixed retainers are used after removal of orthodontic
appliances, and retention should span at least 12 months with the retainers worn full time
at least 3 to 4 months immediately after removal of fixed orthodontic appliance. In
growing patients, retention should continue until growth ceases (Melrose & Millett, 1998;
Reitan & Oslo, 1969, Fudalej et al., 2021). A recent epidemiology study found increasing
trend of using bonded retainers by orthodontists for life-long retention (Padmos, Fudalej,
& Renkema, 2018). However, both removable or fixed retainers can fail to maintain
retention due to appliance breakage or poor patient compliance. In rare occasions, an
unintentionally active retainer can cause advent complication such as moving the tooth
out of alveolar process (Katsaros, Livas, & Renkema, 2007).
Over the past 2 decades, various new biomedical agents and retention methods
have been introduced that could be useful in enhancing orthodontic retention (Swidi,
Taylor, Tadlock, & Buschang, 2018; Veginadu, Tavva, Muddada, & Gorantla, 2020).
One such method is mechanical vibration, but the cellular mechanism of mechanical
vibration during orthodontic retention is not well understood.
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Low magnitude high frequency (LMHF) mechanical vibration in orthodontics
The application of mechanical vibration can be traced back to their usage in the
medical field. Whole body mechanical vibration was found to have anabolic response on
bone mass and architecture and have been found to inhibit bone loss. Studies found
vibration therapy can be applied clinically to promote bone strength in individuals with
low bone mass in conditions such as osteoporosis or fracture (Thompson, Yen, & Rubin,
2014). The possible biological mechanism of how vibration improves bone formation has
been explored in different studies. It was found that mechanical loading by low
magnitude vibration decreases osteoclast formation, and dynamic loads to bone have
shown to increase bone formation (Kulkarni, Voglewede, & Liu, 2013; Lau et al., 2010;
Thompson et al., 2014).
In orthodontics, low magnitude high frequency (LMHF) mechanical vibration has
been suggested as a potential adjunct method to accelerate orthodontic tooth movement
under proinflammatory condition or possible retention method to generate more bone
formation under physiologic condition during retention phase. In absence of orthodontic
force and inflammation, high frequency mechanical vibration induces anabolic response
with potential to increase retention of orthodontic results. Alikhani et al. demonstrate the
anabolic effect versus catabolic effect of mechanical vibration under different condition
(Alikhani et al., 2018).
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Table 2. Summary of anabolic versus catabolic effects of high frequency mechanical
vibration and possible clinical application in orthodontic treatment
(Table adapted from Alikhani et al. 2018)

In recent years, there are emerging evidence that low-magnitude high-frequency
(LMHF) mechanical vibration could be a possible method to improve orthodontic
retention among various other techniques and biomedical agents. In dentistry, mechanical
vibration has been shown to increase alveolar bone mass and maintain bone mass after
tooth extraction in mice (M. Alikhani, J.A Lopez, H. Alabdullah, 2018). RANKL and
PGE2, chemical modulators of osteoclasts, have shown 50-60% reduction following
mechanical vibration (Lau et al., 2010; Swidi et al., 2018). Low-magnitude mechanical
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vibration at 30 Hz showed a tendency to decrease relapse after orthodontic tooth
movement in mice (Beere et al., 2000; Yadav et al., 2016). Recent studies suggest that
LMHF mechanical vibration can alter bone metabolism to stimulate cell metabolism,
osteoblastic gene expression and bone formation (Xu, Duan, Wu, Zhang, & Zhang,
2014).

Our previous studies on both animal and in vitro retention models showed
promising results of LMHF mechanical vibration inducing bone formation during
retention phase. Animal microCT study done by Taut et al. has shown that LMHF
mechanical vibration during retention phase increased bone volume fraction (BVF) and
interproximal crestal bone height in a mouse model. It was further demonstrated that in in
vitro retention model that LMHF mechanical vibration increased production of collagen I
and bone nodules in human PDL cells with the highest type I collagen formation under
120 Hz (Ito & Liu, 2021; Taut & Liu, 2019). Mechanical vibration is thought to have
favorable anabolic effect on bone remodeling, which could improve stability after
orthodontic treatment. We would like to further explore the mechanism of LMHF
mechanical vibration during retention phase by evaluate its effect on cellular activities
and gene expression of human PDL cells. This will provide us more insight on biological
mechanism of LMHF mechanical vibration used as adjunct tool in retention phase and
identify biomarkers for induced osteogenesis in the process.

RNA Sequencing
The process of gene expression starts from the DNA of a gene transcribed to
mRNA by RNA polymerase. The pre-mRNA is then processed to form a mature mRNA
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molecule that can be translated to build the protein molecule encoded by the original gene
(Clancy, S. & Brown, W, 2008). RNA sequencing as a technique to study transcript
sequences and their expression has become popular in recent years. The advantages
offered by RNA sequencing over gene expression arrays include more sensitive and
accurate measurement of gene expression at transcript level and the ability to capture
both known and novel features. The broad dynamic range allows identification and
quantification of common and rare transcripts. Because RNA-seq does not require
predesigned probes, the data sets are unbiased and allow hypothesis-free experimental
design. Differential gene expression from RNA-seq experiments can offer insight into
gene network and pathways involved in cell biology mechanism (Wang, Z., 2009).

Figure 4. Process of Gene Expressed Through Transcription and Translation
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Purpose of the Study

In this transcriptional study, we aimed to provide insight of global gene
expressions and cellular activities of PDL cells under tension, as well as identify novel
biomarkers for induced osteogenesis by using LMHF mechanical vibration as adjunct
tool in retention phase. The null hypothesis is that there are no statistically different gene
profiling/expressions among the experimental groups of stretching, vibration, and
stretching+vibration, compared to static control.
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CHAPTER III – MATERIALS AND METHODS

Human PDL primary cell culture and preparation of samples
Human PDLCs (#2630, ScienCell Research Laboratories, USA) were cultured
using DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin/Streptomycin with media changed every 3 days. Cells were grown in
humidified atmosphere with 5% CO2 at 37°C. HPDLCs were grown until near 100%
confluence and seeded in 6-well FLEXCELL culture plates (Flexcell International Corp,
Burlington, NC, USA). The wells were assigned to four experimental groups as control
(n=3), stretching (n=3), vibration (n=3), and stretching + vibration (n=3) shown below
(Table 3). 24 hours after seeding, the cells were mechanically stretched (15%) for 1 hour
to mimic PDL cells under orthodontic tension (Figure 4). 15% tensile stretch of the
FLEXCELL silicone membrane surface area was chosen to provide most osteogenic
potential for the PDLCs.

Table 3. Experimental groups of hPDLCs
Table 2. Experimental groups of hPDLCs
Control

Stretching (ST) 15% stretch

Vibration (V) 0.3g/120Hz

Stretching +Vibration (SV) 15% stretch +0.3g/120Hz
vibration
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Figure 5. Diagram illustrating PDL cells stretching under tensile strain application.
15% tensile strain was applied to mimic hPDL cells under orthodontic tension.

Customized set up for mechanical vibration system

A rigid customized platform connecting to an electrodynamic shaker was used to
deliver mechanical vibration. The mechanical vibration was generated by a modular
piezoelectric device connecting to computer, and the customized set up was isolated at a
temperature-controlled apparatus at 37°C. 0.3 g of acceleration was delivered by a current
amplifier (Advanced Motion controls, CA), and 120 Hz of vibration frequency was
controlled by a function generator (Instek: Model FG 8015G). A similar set up used by
Kulkarni et al, 2013 is shown in the Figure 5. Previous in vitro study of hPDLCs in a
retention model shown that among various vibration frequency groups, 120 Hz frequency
group produced the highest amount of collagen type I and bone nodules (Ito & Liu,
2019). Therefore, 120 Hz was chosen as the vibration frequency to be focused on in our
study (Figure 6).
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Figure 6. Mechanical vibration system set up.
The mechanical vibration system set up used in our study was composed of a
vibration generator, a platform for plated hPDLCs, an accelerometer measuring
output, a piezo amplifier and controller for controlling vibration, and an enclosed
37oC heated box. The frequency and acceleration of the mechanical vibration was
adjustable by the computer control. The mechanical vibration set up was adapted
from previous in vitro studies on mechanical vibration (Ito & Liu, 2021; Kulkarni et
al., 2013) (Figure adapted from Kulkarni et al., 2013)

Figure 7. Mechanical vibration system set up in lab.
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Total RNA extraction from hPDL Cells
Immediately after one hour of stretching, vibration (0.3g, 120Hz) or
stretching+vibration, the cells were lysed, and the lysate was homogenized. Samples were
transferred to RNeasy spin column from RNeasy Mini kit (Qiagen, MD, USA). The
RNeasy column was washed with buffers, and RNA was purified according to
manufacturer’s protocol. Total RNA was collected from the spin column with RNAsefree water. The extracted total RNA was treated with DNAase to ensure sample integrity
and remove any genomic DNA. The total RNA samples were stored at -80oC.

RNA-Seq with Illumina NGS Workflow
Following collection of total RNA samples, RNA sequencing was performed
(NextSeq 500, Illumina Inc. CA, USA) to observe the global gene expressions of the
hPDL cells at Department of Microbiology and immunology in Medical College of
Wisconsin (Figure. 10)

After purification of the mRNA, the library preparation methods for RNA-seq
using Illumina Next-Generation Sequencing (NGS) technology begin with converting the
total RNA sample to cDNA before standard NGS library preparation. The Illumina NGS
workflows can be summarized into four basic steps including library preparation, cluster
generation, sequencing, and data analysis (Figure 8). With the NGS technology, the
DNA polymerase catalyzes the incorporation of fluorescently labeled
deoxyribonucleotide triphosphate (dNTPs) into a DNA template strand during DNA
synthesis cycle. The nucleotides marked with fluorescence are subsequentially marked by
the fluorophore excitation during each cycle. This sequencing by synthesis chemistry
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process can be simultaneous done across millions of fragments which maximize the
workflow efficiency. The overall RNA-seq workflow is outlined in Figure 9 (Illumina,
2017).

Figure 8 Illumina Next-Generation Sequencing Chemistry Overview
The Illumina NGS workflow consists of 4 basic steps:
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1. Library preparation: After the RNA sample was reverse transcribed to cDNA, the
sequencing library is prepared by fragmentation of the cDNA sample followed by
ligating adapters to 5’ and 3’ ends.
2. Cluster generation: the library is then loaded into the flow cell and amplified into
clonal clusters through bridge amplification by PCR
3. Sequencing: base reads are produced with sequencing by synthesis method where
the fluorescently labeled nucleotides are added and bases are incorporated. The
fluorescence emission wavelength and intensity are used to identify the base after
imaging.
4. Data analysis: the identified sequence reads are aligned to reference and data
analysis are produced afterwards.

Figure 9. Summary of RNA-seq workflow with Illumina NextSeq500
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Figure 10. Illumina NextSeq500 System (Left) and Flowcell (Right)

RNA-Seq data processing and bioinformatics analysis
The unmapped raw reads of RNA-seq data were stored as FASTQ file format.
Quality control (QC) of the raw data was performed with FastQC. Low quality reads
were removed to reduce data noise. Filtering steps including removing reads with
adaptors and low-quality reads. The reads are subsequently mapped to reference genome
to form read alignment, and transcript abundance and quantification were done by using
Salmon software tool. Figure 9 and Figure 11 includes a flowchart of RNA-Seq data
processing and data analysis done in our study.
The statistical and bioinformatic analysis were performed with R studio.
Differential expression analysis was conducted with R package Deseq2. P-values or false
discovery rates were adjusted with the Benjamini–Hochberg procedure (Benjamini &
Hochberg, 1995). Genes with adjusted P-values < 0.05 between the treatment and control
samples were regarded as differentially expressed. Gene Ontology (GO) and Kyoto
Encylopedia of Genes and Genomes (KEGG) pathway enrichment analysis of
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differentially expressed genes were conducted with R package Clusterprofiler similar to
previous study (Yu et al., 2012). GO terms and KEGG pathways with adjusted P-values <
0.05 were considered as significantly enriched (Lin et al., 2021; Yu, Wang, Han, & He,
2012). The log 2-fold change was used to generate heat map charts. Top 10 upregulated
and downregulated genes and enriched pathways with most log2 fold change compared to
the control group were compiled. Pathview, an R package, was used as a tool for pathway
based RNA-seq data integration and visualization. KEGG views for relevant pathways
were generated to assist interpretation of pathway biology (Luo, Pant, Bhavnasi,
Blanchard, & Brouwer, 2017).

Figure 11. Flowchart of RNA-Seq Data Processing and Data Analysis
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CHAPTER IV – RESULTS

Differential Expression of mRNA in hPDL Cells under Tensile Loading
Each experimental condition samples were compared to control group in a
pairwise manner. In stretching (ST) group, 828 (408 upregulated and 420 downregulated)
genes were identified as differentially expressed (adjusted P < 0.05) relative to the control
group. Among these, 658 genes (302 upregulated and 356 downregulated) had an
absolute fold change >1.5(|log2FC|>0.585). The top 10 upregulated and downregulated
genes in ST group are shown in Table 4.
In vibration (V) group, we identified 324 (162 upregulated and 162
downregulated) as differentially expressed (adjusted P < 0.05) relative to the control
group. Among these, 257 genes (124 upregulated and 133 downregulated) had an
absolute fold change >1.5(|log2FC|>0.585). The top 10 upregulated and downregulated
genes in V group are shown in Table 5.
In SV group, there are 4940 (2280 upregulated and 2660 downregulated)
identified as differentially expressed (adjusted P < 0.05) relative to the control group.
Among these, 3894 genes (1568 upregulated and 2 downregulated) had an absolute fold
change >1.5(|log2FC|>0.585). The top 10 upregulated and downregulated genes in SV
group are shown in Table 6.
A hierarchical clustering heat map of RNA-seq was generated showing gene
expression profile of top 30 upregulated and downregulated genes across all 4
experimental groups (Figure 12). Gene expression was shown in normalized log2 counts
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per million. Side by side comparison of top 20 significantly upregulated and
downregulated genes involved in all experimental groups was shown in Figure 13.

Table 4. Top 10 upregulated and downregulated genes in hPDL cells under ST
compared to control group
Top 10 up-regulated and down-regulated genes in hPDL cells under ST compared
to control group

Note: Collectively, there are 828 (408 upregulated and 420 downregulated) genes identified as differentially expressed
(adjusted P < 0.05) in the ST group relative to the control group. Among these, 658 genes (302 up regulated and 356
downregulated) had an absolute fold change >1.5(|log2FC|>0.585). The top 10 upregulated and downregulated genes are
shown in Table 4.
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Table 5. Top 10 upregulated and downregulated genes in hPDL cells under V
compared to control group
Top 10 up-regulated and down-regulated genes in hPDL cells under V compared
to control group

Note: Collectively, there are 324 (162 upregulated and 162 downregulated) identified as differentially expressed (adjusted
P < 0.05) in the V group relative to the control group. Among these, 257 genes (124 upregulated and 133 downregulated)
had an absolute fold change >1.5(|log2FC|>0.585). The top 10 upregulated and downregulated genes are shown in Table 5.
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Table 6. Top 10 upregulated and downregulated genes in hPDL cells under SV
compared to control group
Top 10 up-regulated and down-regulated genes in hPDL cells under SV compared
to control group

Note: Collectively, there are 4940 (2280 upregulated and 2660 downregulated) identified as differentially expressed (adjusted P < 0.05)
in the SV group relative to the control group. Among these, 3894 genes (1568 upregulated and 2 downregulated) had an absolute fold
change >1.5(|log2FC|>0.585). The top 10 upregulated and downregulated genes are shown in Table 6.
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Figure 12. Heat Map of Top 30 Upregulated and Downregulated Genes.
Each column represents one sample, each row represents one gene. Red color represents
relative high expression level. Blue color represents relative low expression level. Yellow
color represents unchanged gene expression. Experimental groups C, ST, SV, V were
shown. C: Control ST: Stretching. SV: Stretching+Vibration. V: Vibration. Gene
expression is shown in normalized log2 counts per million.
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Figure 13. Side by Side Comparison of Top 20 Significantly Upregulated (RED) and
Downregulated (BLUE) Genes involved in the Mechanical Responses of hPDL cells to
Stretching (15%), Vibration (0.3g, 120Hz), and the Combination of Stretching and
Vibration.
GO and KEGG Pathway Enrichment Analysis
Gene Ontology (GO) is an international standardized gene functional system
which can provide comprehensive description of gene properties. To explore functions of
differentially expressed genes in ST, V, and SV groups, GO enrichment analysis was
performed on all experimental groups. The top enriched GO terms of biological
processes, molecular functions, and cellular components in ST, V, and V groups are
shown in Figures 14-16, respectively.
In ST group, the most significantly enriched terms were response to endoplasmic
reticulum stress for biological process, helicase activity for molecular function, and focal
adhesion for cellular component. In V group, the most significantly enriched terms were
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response to unfolded protein for biological process, unfolded protein binding for
molecular function, and focal adhesion for cellular component. In SV group, the most
significantly enriched terms were establishment of protein localization to organelle for
biological process, cadherin binding for molecular function, and focal adhesion for
cellular component.

14A. ST
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14B. ST
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14C. ST

14D. ST
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Figure 14. Gene Ontology (GO) enrichment analysis in ST group versus control
14A-B. Top 20 enriched GO terms of biological processes in ST group.
14C. Top 20 enriched GO terms of molecular functions in ST group
14D. Top 20 enriched GO terms of cellular components in ST group
15A. V
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Figure 15. Gene Ontology (GO) enrichment analysis in V group versus control
15A-B. Top 20 enriched GO terms of biological processes in V group.
15C. Top 20 enriched GO terms of molecular functions in V group
15D. Top 20 enriched GO terms of cellular components in V group

16A. SV
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16B. SV
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16C. SV
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16D. SV
Figure 16. Gene Ontology (GO) enrichment analysis in SV group versus control
16A-B. Top 20 enriched GO terms of biological processes in V group.
16C. Top 20 enriched GO terms of molecular functions in V group
16D. Top 20 enriched GO terms of cellular components in V group

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was performed on all differentially expressed mRNAs. KEGG analysis is
traditionally used to identify main pathways in which the target gene candidates of the
differentially expressed mRNA could be involved. Top 20 enriched KEGG pathways of
differentially expressed genes in ST, V, and SV groups are included in Figure 17.

40

17A. ST

41

17B. V

42

17C. SV
Figure 17. Kyoto Encylopedia of Genes and Genomes (KEGG) pathway enrichment
analysis in experimental groups vs. control. 17A. ST group 17B. V group 17C. SV
group

Pathview analysis of KEGG pathways using Pathview server (UNNC) was
performed for SV group on multiple key signaling pathways for bone remodeling during
OTM. KEGG pathway maps of osteoclast differentiation, calcium signaling pathway,
Wnt signaling pathway, signaling pathways regulating pluripotency of stem cells, TGFBeta signaling pathway and HIF-1 signaling pathway are included in Figure 18A-F.
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Multiple genes in osteoclast differentiation including IKK-γ, IKKα, NF-κB, and
PI3K/Akt are downregulated in the signaling pathway. In addition, SOST gene, a
negative regulator of bone formation which stimulates RANKL and bone resorption, is
significantly downregulated in SV group. (Figure 19).

18A.
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18B.

18C.
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18D.
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18E.

18F.
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Figure 18. Pathview analysis of KEGG pathways for SV group on multiple key
signaling pathways for bone remodeling during OTM. 18A. Osteoclast differentiation
18B. Calcium signaling pathway 18C. Wnt signaling pathway 18D. Signaling
pathways regulating pluripotency of stem cells 18E. TGF-Beta signaling pathway 18F.
HIF-1 signaling pathway. Highlighted genes are components of these pathways that
are significantly differentially expressed. Red color indicates upregulated genes.
Green color indicates downregulated genes.

Figure: KEGG graph of differentially expressed genes in ST group in intracellular
and intercellular signaling pathways of (A) osteoclast differentiation, (B) Wnt
signaling pathway (C) TGF-beta signaling pathway (D)MAPK signaling pathway

Figure 19. SOST gene (a negative regulator of bone formation) is significantly
downregulated after stretching (15%) and vibration (0.3g, 120Hz), maximized by the
combination of stretching and vibration. (* p < 0.05)
Differential Expression Analysis of ST versus SV Group
To further understand the effect of mechanical vibration on hPDLCs under tension,
we compared differential expression of RNA-seq data between ST and SV group. The top
10 differentially expressed KEGG pathways and reactomes between ST and SV group are
included in Figure 19. Our results showed that osteoclast differentiation KEGG pathway
is significantly downregulated in SV group comparing to ST group. (P<0.05) In addition,
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SV group demonstrated upregulation of multiple pathways involving heat shock proteins
including HSF1-dependent transactivation and heat shock response. (Figure 20) (P < 0.05)
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Figure 20. Top 10 differentially Expressed KEGG pathways and Reactomes between
ST and SV group. Positive NES represents high expression in ST group relative to SV
group. Negative NES represents high expression in SV group relative to ST group.
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CHAPTER V – DISCUSSION

Novel Biomarkers and Pathways Discovered
HPDLCs under tensile strain in ST group of our study confirmed findings from
multiple previous studies. Similar to the study from Lin et al, we found PI3K-Akt and
TGF-beta signaling pathway among some of the top enriched KEGG pathway and
ossification among the top GO terms (Figure 14A, D) (Lin et al., 2021). In addition,
genes in response to inflammation condition and oxygen level have also differentially
expressed in ST group. PTGS2 encoding COX2 is significantly upregulated. EPAS1, also
known as hypoxia inducible facor-2a (HIF2a) is significantly downregulated. This
supports the finding that the chemical mediators responding to inflammatory condition
and oxygen level change are expressed when PDLCs are stretched under tensile strain.
(Table 4) (Li et al., 2018; Niklas, Proff, Gosau, & Römer, 2013).
In addition to data supporting previous studies, novel biomarkers were identified
in our study. Among the top differentially expressed genes in ST group, BICC1,
MARCKS, ANO6 have been found to be involved in bone remodeling. BICC1 encodes
for an RNA-binding protein has been identified as a genetic determinant of
osteoblastogenesis in both mice and human (Mesner et al., 2014). MARCKS has shown
by Tu et al., to possibly involved in bone remodeling through upregulation by Wnt
signaling pathway (Tu et al., 2007). ANO6, a family of Ca2+-activated Cl− channels, is
important for bone mineralization due to its role in functioning with NCX, a
Na+/Ca2+ exchanger, to translocate calcium out of osteoblasts into calcifying bone matrix
(Ousingsawat et al., 2015). Other differentially expressed genes listed in Table 4 could
be potential biomarkers for bone remodeling when PDLCs are under tensile strain. More
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studies are needed to understand their specific roles. Interestingly, more Log 2-fold
changes for BICC1 and MARCKS were observed in the SV group comparing to ST
group, indicating a possible potentiating effect on these gene expression from LMHF
mechanical vibration (Table 6).
Mechanical Vibration Activates HSF-1 Mediated Heat Shock Response and Upregulated Gene Expression of Heat Shock Proteins
Heat shock proteins (HSPs) are a family of proteins produced by cells when under
stress. The main function of HSPs is to act as cellular chaperons by stabilizing existing
proteins against aggregation and mediates folding of newly translated proteins in cytosol
and organelles (Hang et al., 2018a). HSF-1 mediated heat shock response is characterized
by induction of HSPs and is found to be one of the significantly upregulated pathways in
the KEGG pathways (Figure 20B). The HSPs are classified into different families based
on their molecular weights, and the various HSPs have been found to be involved in bone
metabolism in different ways.
Our study showed that applying low magnitude high frequency mechanical
vibration (0.3g, 120Hz) to hPDL cells under tension in SV group significantly
upregulated a series of genes encoding HSPs including HSPA1A, HSPA1B, DNAJB1,
and HSPA6 comparing to the control group (Table 6, Figure 13). The HSP genes that
are upregulated in SV group primarily encode for HSP70, with the exception of DNAJB1
encoding for HSP40. Previous studies have found that HSP40 and HSP70 proteins play
important role in regulate bone resorption, promote osteogenesis, and osteogenic
potential of mesenchymal stem cells (Hang et al., 2018b).
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The HSP70 family, with many of the encoding genes upregulated in our
experimental group, performs a range of functions including protein folding assistance,
protection against aggregation, protein trafficking, and enzyme activity regulation. In
addition, HSP70 improve overall protein integrity by inhibiting apoptosis (Mashaghi et
al., 2016).
In addition, HSP40 acts as co-chaperone to enhance substrate binding. Misfolded
and unfolded proteins are recognized by HSP40 and escorted to substrate binding domain
of HSP70 during the refolding process (Alderson, Kim, & Markley, 2016). Together,
both HSP70 and HSP40 genes showed upregulation in our study. Thus, it’s possible that
HSP70 and HSP40 acts as a complex system and interact with each other during the
LMHF vibration facilitated heat shock response.
HSP70 has been found to regulate bone resorption via RANKL pathway and
promotes osteogenesis through activation of ERK and Wnt/β- catenin signaling pathways
(Hang et al., 2018). In another study by Li et al, it was shown that downregulation of
HSP70 impairs osteogenic and chondrogenic differentiation in human mesenchymal stem
cells. Under osteogenic induction conditions, osteogenic genes such as Runx2 and
Osterix were found to be significantly upregulated (Li, Chenghai, Sunderic, Nicoll, &
Wang, 2018).
Over-expression of HSP1A was found to enhance osteogenic differentiation of
mesenchymal stem cells. In a study done by Zhang et al, rat HSPA1A overexpression in
bone marrow mesenchymal stem cells increased osteoblast-specific gene expression,
alkaline phosphatase activity and mineral deposition in vitro (Zhang et al., 2016). Thus,
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the upregulation of HSP genes for HSP70/HSP40 heat shock response may be one of the
biological mechanisms explaining increased bone nodule formation in hPDLCs under
mechanical vibration from our previous studies.
Osteoclast Differentiation Pathway is Downregulated in SV Group Comparing to
ST group
In addition to overexpression of HSP genes, it was further discovered that
osteoclast differentiation pathway and affiliated genes are significantly downregulated in
the SV group. Figure 20A showed that osteoclast differentiation KEGG pathway is
significantly downregulated in the SV group comparing to ST group. By comparing SV
group to ST group, the differential gene expression analysis demonstrated that the
downregulation of osteoclast differentiation is a result of applying LMHF mechanical
vibration to the hPDL cells under tension. This provides a valuable insight of using
LMHF mechanical vibration during retention phase as a possibility of inhibiting bone
resorption and thus more bone formation and stability.
Multiple Genes Stimulate RANKL Expression and Bone Resorption Are
Downregulated in SV Group
To further investigate the mechanism behind downregulation of osteoclast
differentiation pathway in SV group, a visualization illustrating differential gene
expression is provided by Figure 18A. Multiple genes involved in osteoclast
differentiation pathway have shown to be downregulated in the SV group including IKKγ, IKKα, NF-κB, and PI3K/Akt.

In the osteoclastogenesis pathway, RANKL bind to its receptor RANK and
induces rapid activation of the NF-κB canonical signaling. The NF-κB canonical
signaling pathway is activated by the IKK complex which consists of two catalytic
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subunits (IKKα and IKKβ) and a regulatory subunit, IKKγ (Boyce, Xiu, Li, Xing, &
Yao, 2015). Activated kinase complexes phosphorylate the NF-κB inhibitory protein,
IκBα, which in turn undergoes proteasomal degradation, thus allowing nuclear
translocation and activation of the various NF-κB dimers. Inhibition of the RANKLRANK signaling diminishes NF-κB activity, arrests osteoclastogenesis, and leads in mice
to osteopetrosis (Abu-Amer, 2013). Wang et al. showed that inhibition of endogenous
IκB kinase (IKK)/nuclear factor-kappa B (NF-κB) NF-κB in differentiated osteoblasts
significantly increases trabecular bone mass and bone mineral density (Wang, Zhuo et al.,
2009).

In addition, SOST Gene was shown to be significantly downregulated in SV
group in our study. The SOST gene encodes for sclerostin, which is an important
negative regulator of bone formation. Sclerostin promotes bone resorption and inhibit
new bone formation by stimulates RANKL expression and prevent Wnt signaling. It was
found in previous animal studies that SOST/sclerostin was upregulated under
compressive force, and SOST KO mice has decreased osteoclastic activity comparing to
control. (Galea, Lanyon, & Price, 2017; Odagaki, 2018) Downregulation of SOST gene
overall decreases RANKL expression and inhibit bone resorption (Jeon et al., 2021; Shu
et al., 2017). Overall, the downregulation of multiple genes in the osteoclast
differentiation pathway in SV group could be a key mechanism behind the anabolic
potential of LMHF mechanical vibration during retention.
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Biological Mechanisms of LMHF Vibration as Adjunctive Retention Method Post
OTM
This novel transcriptional study is a continuation of our research on the effect of
LMHF mechanical vibration on hPDLCs under tension. We aimed to find unknown
genes expressed when hPDLCs are under tension, as well as the biological mechanism of
anabolic effect of LMHF vibration. PDL cells under tension is a known phenomenon
during OTM. We hypothesize that at beginning stage of retention phase, PDLCs are still
under tension, and the residual tension is one of the causes that triggers orthodontic
relapse. Through our study, we discovered two main mechanisms that may explain the
anabolic effect of LMHF mechanical vibration on PDLCs, as well as novel biomarkers
and pathways when hPDLCs are under tension. Together, our findings discovered that
applying LMHF mechanical vibration during retention triggers osteogenic potential
through these mechanisms and offers a possibility for greater anabolic alveolar bone
generation during retention phase. While more research and evidence are needed, LMHF
mechanical vibration could be a valuable adjunctive retention method to enhance
retention by forming more alveolar bone, shorten relapse possibility, and shorten overall
retention time.
Limitation of the Study
Although RNA sequencing has become the gold standard to determine relative
transcript abundance, the experiment is a highly complicated process that requires
intensive time for experimental design and data analysis. Because of the bulk size data
generated, extensive amount of statistical analysis was needed. We have discovered new
biomarkers, however, there are also findings that could not be explained by existing
literature and need further investigation. Furthermore, since the study is done at a

55
transcriptional level and in an in vitro environment, the information of protein expression
on translation level is unknown, and one of the limitations could be gene expressions can
have multiple effect and different results in an in vivo environment. We still do not
understand for how long PDL cells would be under stretch at tension side during
retention phase, and the specific timepoint of when applying the LMHF mechanical
vibration can provide the most anabolic effect. Overall, future research is required to look
at protein expression level at retention phase and application of LMHF mechanical
vibration in clinical trials.
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CHAPTER V – CONCLUSION

Based on our data, the null hypothesis was rejected. From our transcriptional level
study with RNA-seq, two main possible biological mechanisms were discovered to
explain the anabolic effect of LMHF mechanical vibration used during retention phase.
1. Enhanced osteogenic potential and decreased bone resorption with HSP70/HSP40
heat shock response
2.

Decreased bone resorption by downregulation of osteoclastic differentiation
pathway

In addition, novel biomarkers and genes were identified for PDLCs under tension with or
without mechanical vibration. Future studies on these novel mechanisms and genes are
needed to understand the mechanisms of LMHF and cellular changes during retention
phase.
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